Sustainable immobilised microbial pellets were developed with water-borne polyurethane (WPU) material together with powdered activated carbon (PAC) and activated sludge as microbial inoculums for nitrification or partial nitrification. The nitrification performance and the influencing factors were studied with lab-scale aerobic fluidised bed reactors (FBR) under various temperature conditions. During the start-up period, quickly increasing the influent ammonium concentration from 40 to 320 mg N·ℓ -1 led to a stable nitrification performance with high nitrite accumulation (>80%). Characterisation of the FBR performance indicated that the desired partial nitrification could be achieved at pH 7.8-8.5, dissolved oxygen (DO) 3-5 mg·ℓ -1 and temperature between 24 and 29°C. Addition of organic carbon (glucose) improved the ammonium removal but decreased the nitrite accumulation ratio significantly. TOC concentration above 800 mg·ℓ -1 was not able to cause the inhibition of the heterotrophs over the nitrifiers. PCR-DGGE results indicated the presence of Nitrosomonas (ammonia-oxidising bacteria) and Nitrobacter (nitrite-oxidising bacteria) in the immobilised pellets.
INTRODUCTION
The problems caused by ammonium and total nitrogen in municipal, agricultural and industrial wastewater have become a significant concern throughout the world. Discharge of high nitrogen-containing effluent to aqueous environments could cause ammonia toxicity problems and eutrophication of surface receivers. Regulatory agencies in many countries, including China, have required increasingly stringent water quality criteria for ammonium and total nitrogen (TN) removal.
Partial nitrification, i.e., the conversion of NH 4 + -N to NO 2 --N is considered as the most cost-effective biological process for further TN removal. Nitrification is a 2-stage reaction i.e. oxidation of NH 4 + -N to NO Partial nitrification involves only the first reaction and the product nitrite could be denitrified by denitrifiers in the presence of an organic electron donor source, so-called short-cut denitrification (Gao et al. 2010) . Partial nitrifcation could be incorporated with anaerobic ammonium oxidation (ANAMMOX) processes (Kartal et al., 2010) . Both would significantly reduce energy consumption for nitrate production and for providing an organic electron donor source for denitrification. Most approaches toward the achievement of partial nitrification have been reported within recent decades (Guo et al., 2010; Kim et al., 2005; Sliekers et al., 2005) . Due to the higher growth rate of AOB than NOB (Munz, 2011) , maintaining the predominance of AOB over NOB is one of the key factors for achieving successful partial nitrification. In order to prevent nitrite oxidation and to achieve stable partial nitrification, various approaches have been used, including addition of specific inhibitors for the NOB (Oguz, 2005) , and control of the dissolved oxygen (DO) (Garrido et al., 1997) and pH (Ciudad et al., 2007) . However, some options are not easily practicable. The inhibition of NOB may not be effective because of microbial adaptation ability. A relatively low DO is a crucial factor to achieve stable partial nitrification (Garrido et al., 1997) but a low-DO condition may cause the growth of filamentous bulking sludge (Colliver and Stephenson, 2000) or emission of the greenhouse gas nitrous oxide (N 2 O) via denitrification (Kampschreur et al., 2008 (Kampschreur et al., , 2009 ). Other research results showed that pH is not a parameter which can be optimised for accumulating nitrite, as complete nitrification to nitrate occurs within a wide pH range, between 6.45 and 8.95, while a pH lower or higher than this range may cause complete inhibition of nitrification (Ruiz et al., 2003) . The growth of NOB was observed to be inhibited in the presence of high ammonia levels (Kim et al., 2005 ). The control of ammonia level, if possible, could provide a selection pressure for NOB. Immobilisation of microbial cells is one of the approaches used to keep the target cells in a bioreactor, without undesired washout, and has been intensively investigated, especially for industrial fermentation products, since the late 1960's. Immobilisation by encapsulation or entrapment of cells in polymer gel-matrix is distinct from microbial granulation which occurs as a result of the action of microbial materials (Hickey et al., 1998; Liu and Tay, 2004) . The most active investigation of microbial cell immobilisation (Cassidy et al., 1996) (Isaka et al., 2007; Li et al., 2006) . Both natural and synthetic polymers have been used for microbial encapsulation. Natural polymers are generally less stable and not suitable for long-term use in wastewater treatment. The synthetic polymers, including polyacrylamide, polystyrene, polyurethane and polyethylene glycol, have been widely tested for environmental applications (Cassidy et al., 1996; Qiao et al., 2010) .
The objective of this study was to achieve long-term, stable partial nitrification with immobilised cells. The quick increase of the influent NH 4 + -N concentration functioned as selection pressure to achieve an AOB-predominated microbial community. The biomass developed was characterised by batch tests for the transformation of nitrogen (NH 4 + -N, NO 2 --N and NO 3 --N) and by PCR-DGGE method.
EXPERIMENTAL Synthetic wastewater
The synthetic wastewater was prepared with tap water and the raw water of 40 mg N·ℓ . NH 4 Cl was used as ammonium source at various concentrations as the experiment required. All chemicals were of analytically pure grade (Biomed. Co. Ltd., Shanghai, China).
Reactor system
Two identical fluidised bed reactors (FBR), i.e., Reactor A and Reactor B, were used (Fig. 1a) . Each of them consisted of 2 layers of plexiglass column with an effective volume of 18 ℓ and a height of 1.6 m. Both were filled with 10% WPU pellets (1.8 ℓ). The fluidisation of the pellets was achieved in the central fluidisation zone by airlifting through the micropore aerator at the bottom. The pellets reached the top of the reactor, then were separated from air bubbles and effluent, returned to the outside reaction zone and eventually settled towards the bottom. The influent was pumped into the reactor at the bottom of the outside zone and the effluent overflowed out of the reactor after the solid-liquid separation. The FBRs were operated under aerobic conditions with an air flow rate of 60 ℓ·min -1 .
Seed sludge and immobilisation
Activated sludge from the Suzhou Wastewater Treatment Plant, Suzhou, China, was used as inoculum for immobilised cells. Water-borne polyurethane (WPU) amended with powdered activated carbon (PAC) was used to immobilise the microbial cells. Powdered activated carbon (PAC) with diameter of 300 meshes (48 μm) was added during WPU encapsulation at a ratio of 1.5% (v/v). The solidified mixture was cut into 3×3×3 mm granules for use. The immobilised pellets were black in colour due to the PAC content (Fig. 1b) . During the acclimation and continuous tests, the operation parameters were controlled as follows: pH over a range of 7.8-8.5 and DO over a range of 3-5 mg·ℓ -1 . Temperature varied from 25 to 31°C.
Reactor operation and tests
During the continuous test, influent NH 4 + -N concentration was increased from 40 mg·ℓ -1 to 320 mg·ℓ -1
, as soon as NH 4 + -N removal efficiency of Reactor A reached 80%, in order to increase the capability of the microorganisms against the shock loads. Reactor B was started up as the secondary reactor on Day 94, to treat the effluent from Reactor A.
Influence of NH 4 + -N concentration, temperature, DO and supplementation of organics on partial nitrification in Reactor A were studied during the continuous test period. The operational conditions of Reactor A are shown in Table 1 .
Batch experiments and operation conditions
Batch experiments were designed to investigate the transformation of nitrogen during the nitrification process. The experiment was conducted in a 1.0 ℓ beaker. An aerator was placed at the bottom to supply oxygen and to mix the pellets. The bulk volume of the batch reactor filled with pellets was 0.1 ℓ, including voids. The substrates used in the batch tests were the same as that in the continuous tests.
Additionally, in order to evaluate the impact of organic load on nitrification performance, another batch test was carried out with initial TOC concentrations of 400 mg·ℓ -1 and 800 mg·ℓ 
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Analytical methods, scanning electron microscopy and calculations DO concentration was measured using a DO meter (HI 9143 HANNA Dissolved Oxygen Analyzer, Japan). NH 4 + -N, NO 3 --N, NO 2 --N, TN were analysed according to standard methods (APHA, 1995) .
The preparation of the samples of the immobilised pellets in Reactor A for scanning electron microscopic examination was performed according to Zhou et al. (2006) . After the freezedrying process, SEM images were produced of the immobilised pellets in Reactor A (SEM: FEI Siron 200, FEI, USA).
Free ammonia (FA) concentration was calculated using Eq. (1), proposed by Anthonisen et al. (1976): (1) The activation energy of the nitrification reaction can be determined graphically by taking the natural logarithm of the Arrhenius equation as follows: (2) where:
k is the reaction rate of the nitrification reaction A is the frequency factor for the reaction R is the universal gas constant (8.314 kJ·mol
) T is the temperature in K E a represents the activation energy.
Microbial community analysis
Pellet samples for microbial analysis were collected from Reactor A on Days 10, 18, 30, 56, 61, 81, 104, 133 and 144 , and labelled as #1 to #9, respectively. Samples from Reactor B were collected on Days 29, 40, 52, and 92 of operation and labelled as #10 to #13, respectively. Samples were kept at -70°C before DNA extraction.
Total bacterial DNA extraction was performed based on lyses with alkali buffer (pH 9.0) containing sodium dodecyl sulphate (SDS), extraction with benzyl chloride, primary purification with sodium acetate, and collection by ethanol precipitation (Kageyama et al., 2003; Zhou et al., 2007) . The extracted DNA samples were diluted 100 times with sterilised distilled water and used as the templates in PCR amplification.
The primers used for AOB amplification were AmoA-1F and AmoA-2R, targeting a stretch of the ammonia monooxygenase subunit A gene (amoA) (Nicolaisen and Ramsing, 2002) . The primers selected for NOB amplification were the Nitrobacter-specific primer FGPS1269 and primer FGPS872 (Feray et al., 1999) . For PCR amplification, the 25 μℓ reaction mixture contained 2. ; the last cycle had a final extension of 72°C for 10 min.
DGGE of both AOB and NOB PCR products were performed with the Dcode System (BioRad, US). Polyacrylamide gels (8%) with a gradient of 20%-50% denaturant, were made with a gradient maker (BioRad) according to the manufacturer's guidelines (100% denaturing acrylamide was defined as 7 M urea and 40% formamide by Muyzer et al. (1993) . Gels were run for 270 min at 200 V in 1×TAE buffer at a constant temperature of 60°C. The gel was stained for 20 min with ethidium bromide and photographed under ultraviolet light.
The representative bands of interest were excised from the polyacrylamide gels and purified by UNIQ-10 purification kit (Sangon, China) according to the manufacturer's instructions. The purified gene was used as template in the PCR re-amplification, which followed the same protocol as mentioned above. The products were purified by EZ purification kit (Sagon, China) and subjected to sequencing.
RESULTS AND DISCUSSION

Acclimation and continuous test period
The influent and effluent NH 4 + -N concentrations and NH 4 + -N removal efficiency of the reactor A are presented in Fig. 2a . It took 9 days for the reactor to reach a removal efficiency of 80%. Influent NH 4 + -N concentration was increased from 80 mg·ℓ -1 to 240 mg·ℓ -1 after 24 days of operation, with the influent NH 4 + -N . The results indicated a higher volumetric removal efficiency and greater tolerance to the NH 4 + -N shock loads of WPU-PAC pellets than that recorded without PAC addition in our previous study (Wang 2010) .
Nitrite accumulation in Reactor A increased markedly as the influent NH 4 + -N concentration and nitrogen loading rate increased (Fig. 2b) . The majority of NH 4 + -N was converted to NO 2 --N and the levels of NO 3 --N were very low, suggesting that the rapid increase of influent NH 4 + -N concentration could effectively stimulate partial nitrification activity with NO 2 --N as predominant product. , a slight decrease of nitrite accumulation was observed (Fig. 3a) , demonstrating that the higher influent NH 4 + -N concentration facilitated the maintenance of partial nitrification.
Influence of operational conditions on partial nitrification
The effect of different temperatures on partial nitrification is shown in Fig. 3b . The accumulation of nitrite was above 70% under all temperature conditions (24-25°C, 28-30°C and 6-11°C). When the temperature increased from 24°C to 29°C, no change in NH 4 + -N removal efficiency was observed, with the exception of a slight decrease in nitrite accumulation. However, the removal efficiency of NH 4 + -N decreased significantly after the temperature dropped from 24 to 9°C.
The effect of different DO levels on partial nitrification is shown in Fig. 3c . The NO 2 --N accumulation remained above 60% right after DO dropped from 5 mg·ℓ -1 to 3 mg·ℓ -1
; meanwhile the removal efficiency of NH 4 + -N decreased to below 40% during the same period. After DO was maintained at 3 mg·ℓ , NH 4 + -N removal efficiency was enhanced (above 90%). However, the accumulation of NO 2 --N was decreased to near-zero after glucose was added into the reaction system (Fig. 3d) , suggesting that partial nitrification changed to a complete nitrification process.
Reactor A was restarted after TOC addition. The nitrite accumulation achieved is shown in Fig. 4 . After 10 days of 289 operation, the FBR regained partial nitrification and a high nitrite accumulation of above 80% for more than 260 days. The reactor achieved a quick recovery even after a long time of placement and TOC addition.
Figure 2 The nitrogen variation in Reactor A during the continuous test
Figure 3 Nitrite oxidation under different (a) NH 4 + -N concentrations, (b) temperature, (c) DO, (d) TOC
Nitrification in Reactor B
Reactor B was started up on Day 94 to treat the effluent of Reactor A. As shown in Fig. 5 , the influent of Reactor B contained NH 4 + -N, NO 2 --N and NO 3 --N. The influent NH 4 + -N concentration was below 100 mg·ℓ -1 , much lower than that of Reactor A. After 50 days of operation, the effluent NO 2 --N concentration dropped below 20 mg·ℓ -1 while nitrate concentration increased to 100 mg·ℓ -1 , indicating an increasing nitrite-oxidising activity. Compared to Reactor A, the influent concentration of Reactor B was increased more slowly. Considering that the two reactors were filled with the same pellets, the increment speed of feed concentration may be crucial to the achievement of partial nitrification.
Variation of different forms of nitrogen during the batch tests
The first batch test of ammonium removal by the pellets in Reactor A was conducted on the Day 75 of operation. With the initial NH 4 + -N concentration of 240 mg·ℓ -1
, the oxidation of NH 4 + -N followed zero-order kinetics, and NH 4 + -N was completely converted to NO 2 --N rather than NO 3 --N after 20 h (Fig. 6a) , respectively. Both NH 4 + -N and NO 2 --N were converted to NO 3 --N within 4 h (Fig. 6b ), indicating that a complete nitrification was achieved in Reactor B.
The result of the third batch test shows that all of the ammonia was converted to nitrate when the organic matter was added (Figs. 6c and 6d) . Nitrification was still achieved even at TOC concentration of 800 mg·ℓ -1 . However, the reaction rate was slow at higher TOC concentrations. Complete conversion of ammonium to nitrate was observed within 6 h at 400 mg·ℓ -1 TOC but took more than 8 h at 800 mg·ℓ -1 TOC.
Possible reasons for partial nitrification by immobilised pellets
The continuous reactor test demonstrated that Reactor A reached a stable partial nitrification. Considering the adequate DO (3-5 mg·ℓ -1
) and uncontrolled pH in the reactors, the causal contribution of DO and pH can be excluded. The high NO 2 --N accumulation can, therefore, be attributed to two main factors.
First, NO 2 --N might have been washed out of the reactor before being oxidised to NO 3 --N, due to the relatively short HRT. By controlling HRT of an immobilised fluidised bed reactor, Chen et al. (2006) achieved an optimal effect of partial nitrification. Chen found that nitrite was not oxidised into nitrate until all of the ammonium had been converted to nitrite; hence a desired partial nitrification could be obtained 
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if the HRT was controlled to allow only enough time for the ammonia to be oxidised into nitrite. However, the first batch test result, that almost all of the NH 4 + -N was converted to NO 2 --N rather than NO 3 --N after 20 h (Fig. 6a) , demonstrated the achievement of a stable partial nitrification and excluded the possibility that partial nitrification was the result of a controlled HRT. Nevertheless, an enhanced partial nitrification could be achieved by controlling HRT in practice.
Second, NOB in the reactor might be inhibited by free ammonia (FA) and be outcompeted by AOB. Following the FA calculation, FA concentrations in our study mainly ranged from 0.1 to 4.82 mg·ℓ -1
. Isaka et al. (2007) suggested that FA concentrations higher than 0.1 mg·ℓ -1 could contribute to the inhibition of NOB. According to Kim et al. (2005) and Yoon (2002), FA plays a greater inhibitory effect on the growth of NOB than AOB. The high FA levels caused by the rapid increase in influent NH 4 + -N concentration may have inhibited the growth of NOB and, at the same time, caused AOB to predominate in the immobilised pellets. When AOB had gradually predominated over the limited NOB population in immobilised pellets, the degradation of NH 4 + -N by accumulated AOB became the main nitrification process in the biological reactor, and an obvious accumulation of NO 2 --N could readily be maintained in the reactor for more than 260 days, even after a period of complete nitrification.
The growth rate of AOB is faster than that of NOB (0.019-0.092 h −1 for the AOB and 0.012-0.06 h −1 for the NOB) (Moussa et al., 2004; Van Loosdrecht and Jetten 1998) , and a higher maximal specific growth rate of AOB than NOB was found at 20°C (Hellinga et al., 1998) . Thus raising temperature can promote the growth rate of nitrifiers and therefore expand the difference in specific growth rate between AOB and NOB. However, in the present experiment, when the temperature increased from 24°C to 29°C, no obvious variation of NH 4 + -N removal efficiency was observed, except a slight decrease of nitrite accumulation. Therefore temperatures higher than 29°C are unnecessary to obtain a higher NH 4 + -N removal efficiency. Removal efficiency of NH 4 + -N decreased markedly and accumulation of NO 2 --N increased after the temperature dropped to 9°C, which is contrary to Hyungseok et al.'s (1999) conclusion that partial nitrification could only be achieved when the temperature was above 15°C. Although NOB had a relatively higher growth rate than AOB at lower temperatures, after a long operation period with a temperature higher than 20°C, NOB, which is present in much lower quantities, could not outcompete the large amount of accumulated AOB in the reactor. As a result, high nitrite accumulation was continually maintained when the temperature rapidly changed to lower than 9°C. Low temperatures could decrease the activity of both AOB and NOB, but maintaining a high running temperature increases the operation cost. From this study, the optimal recommended temperature is 24°C-29°C.
Low DO level could be another key factor for achieving partial nitrification in some studies (Feng et al., 2007) . NOB has less affinity for oxygen due to its relatively higher oxygen saturation coefficient compared with AOB (1.1 and 0.3 mg O 2 ·ℓ -1 for NOB and AOB, respectively (Wiesmann, 1994) ). As a result, the activity of NOB was inhibited at low DO, while AOB was not severely impacted, and NO 2 --N accumulation was subsequently increased. However, due to the relatively low removal efficiency of NH 4 + -N at low DO, effluent concentration of NH 4 + -N was too high to meet the water discharge standards. In addition, NOB was able to adapt to the low oxygen levels after a period of operation (Sliekers et al., 2005) . Therefore maintaining low DO levels is not the most reliable and practical way to achieve stable and long-lasting partial nitrification. The rapid increase in influent ammonia concentration could be an effective way to achieve partial nitrification without affecting ammonia removal.
The organic matter markedly affected partial nitrification. According to Fang et al. (1993) , the presence of carbohydrate such as glucose has a stimulatory effect on the activity of the nitrifiers. Results of the present experiment showed that glucose could stimulate the growth of NOB in the reactor. Since some NOB were facultative autotrophs (Starkenburg et al., 2006) , nitrite oxidation was not directly affected by organic loading. Mosqura-Corral et al. (2005) found that the inhibitory effect of heterotrophs on nitrifiers could be minimised due to the high concentrations of ammonia in the liquid phase. Considering the effect of carbohydrate on partial nitrification, the process in this experiment is well-matched with the treatment of wastewaters containing high nitrogen and low organic carbon concentrations. The third batch test (Fig. 6d) showed that the reaction system has . This is probably because the pellets served as protection to the nitrifiers in the competition with heterotrophic bacteria under high concentrations of organics.
Advantages of immobilisation
Compared to activated sludge, biofilm and immobilised nitrifiers (Ciudad et al., 2007; Ruiz et al., 2003; Kim et al., 2000; Weon et al., 2004) , the immobilised pellets with PAC addition have unique advantages, such as higher volumetric removal rate (the maximum rate approached 16.76 g N·ℓ ), shorter acclimation period (7 days) and tolerance to high ammonium concentrations (up to 800 mg·ℓ -1 TOC). Data obtained from acclimation and continuous tests in Reactor A showed that the immobilised pellets with PAC have a higher nitrification rate than that reported in most of other studies, and a greater capability against shock loads than pellets without PAC addition. This suggests that PAC addition improves the performance of nitrification with immobilised pellets.
The activation energy of the ammonium oxidation process in Reactor A can be determined graphically by taking the natural logarithm of Arrhenius equation (Eq. (2)). The activation energy of ammonia oxidation in the temperature range 8.5-26.7°C was determined from the slope of the straight line and was 45.731 kJ•mol −1 (Fig. 7) . The comparison of activation energies for immobilised nitrifiers reported for different studies is presented in Table 2 . The activation energy of immobilised pellets was relatively lower than the values for both partial nitrification sludge (42-111.5 kJ•mol -1 ) and activated sludge (87.1 kJ•mol -1 ) under the same temperature conditions, as reported for other related studies. The nitrification process reported in this study was thus easier to achieve than reported elsewhere (Guo et al. 2010; Kim et al., 2008.) 
Bacterial morphology
The SEM images (Fig. 8) show the differences between the microorganisms on the surface of the immobilised pellets in Reactor A and those present in the complete nitrification reactor used in our previous study (Wang, 2008) . The microorganisms in the present study are ellipsoidal and coarse, with a shorter length (0.5 μm), while microorganisms in Fig. 8b are rod-shaped, smooth on the surface, and with a length of 1 μm. The microorganisms in the present study might be specific AOB, while the long rod-shaped ones in the complete nitrification reactors are probably composed of NOB. To clarify this, the microorganisms found in this research were analysed by PCR-DGGE techniques. Figure 9 presents the DGGE result of the samples taken from both partial and complete nitrification (Reactors A and B, respectively). The band patterns of AOB amplicons were almost unchanged in Samples #4 to #8 (Fig. 9a) . This uniform pattern of AOB community structure reveals that influencing factors such as ammonia concentration, temperature and DO had little impact on the stability of the AOB community. Very weak bands appeared in Sample #9, which was collected when glucose was added. This could probably be attributed to the impact of carbohydrates and competition from heterotrophs.
Analysis of microbial community
The band pattern for NOB amplicons of the samples from Reactor A was more complicated than that for samples from Reactor B. A notably different band was NOB-4, which appeared in all the samples from Reactor B but was absent in samples from Reactor A (Fig. 9b) . The 4 bands, NOB-1 to 4, were chosen for sequencing. Through gene blast, the partial sequence NOB-4 was found to be highly similar to Nitrosomonas group and Nitrobacter Sp. 219 and Nitrobacter Sp. 263 , with a similarity of 100%. In other words, the absence of Nitrobacter Sp. 219 and Nitrobacter Sp. 263 are likely to be the main reason for stable partial nitrification in Reactor A. Connecting the whole study, we believe that the rapid increase in ammonia concentration may inhibit specific species of NOB, without which complete nitrification cannot be obtained. Since AOB are more tolerant to high levels of FA than NOB, after a long growing period they may have occupied most of the places inside and outside the pellets, leaving limited living space for NOB. Therefore, AOB became dominant even when the FA concentration decreased. In this case, the ammonia could only be oxidised to nitrite by large amounts of AOB, and a high nitrite accumulation was achieved.
CONCLUSION
In this experiment, continuous and batch tests were carried out to investigate the partial nitrification process and its influencing factors. Sludge immobilisation with PAC addition was demonstrated to be an effective approach to improve NH 4 + -N removal capacity.
Quickly increasing the influent concentration from 40 to 320 mg·ℓ -1 NH 4 + -N caused a stable partial nitrification. Accumulation of NO 2 --N reached above 80% at pH 7.8-8.5, DO of 3-5 mg·ℓ -1 and temperature of 24-29°C. HRT could be used as a flexible control parameter in the process to obtain a desired effect of partial nitrification. By adding organic matter such as glucose to the reaction system, NO 2 --N accumulation could be markedly decreased while the removal efficiency of NH 4 + -N was promoted.
The possible reasons for partial denitrification were investigated and discussed. The PCR-DGGE results indicated that Nitrobacter Sp.219 and Nitrobacter Sp.263 were absent in the partial nitrification system. The rapid increase in feed concentration may inhibit these specific species of NOB, without which complete nitrification could not be obtained.
